Liver cancer is the sixth most commonly diagnosed cancer worldwide, and hepatocellular carcinoma (HCC) accounts for the vast majority of cases ([@bib18]). Hepatocellular carcinoma almost exclusively develops upon chronic liver diseases such as viral hepatitis, alcohol abuse and nonalcoholic steatohepatitis. Surgery is the only curative treatment option, but owing to advanced stages and the underlying disease, few patients are eligible for surgical resection or liver transplantation ([@bib4]). Therefore, novel therapeutic options are urgently needed.

So far, systemic therapy has been disappointing in HCC. Only the multityrosine kinase inhibitor sorafenib, acting via vascular endothelial growth factor-receptor (VEGF-R) and Raf kinases to inhibit angiogenesis, shows a modest benefit in clinical trials ([@bib25]). Nevertheless, therapies targeting high vascularisation, a common feature of HCC, remain promising ([@bib36]). In general, tumour angiogenesis is driven by certain factors such as VEGFs, platelet-derived growth factors (PDGFs) and fibroblast growth factors (FGFs) secreted from tumour and stromal cells ([@bib36]; [@bib6]). With HCC, high serum VEGF levels are associated with advanced or metastatic stages and poor survival after locoregional therapy ([@bib34]; [@bib27]). Furthermore, acidic FGF (aFGF, FGF-1) and basic FGF (bFGF, FGF-2) are involved in angiogenesis via effects on endothelial cell (EC) activation and recruitment ([@bib23]). In particular, increased levels of bFGF are detectable in HCC patients and the expression correlates with the microvessel density of the tumour and recurrence after resection ([@bib28]; [@bib14]). Therefore, angiogenesis is a crucial part of HCC development and progression.

The FGF/FGFR system consisting of four receptors (FGFR1--4) and 19 ligands (FGFs) is important for carcinogenesis. On a functional level, activation of intracellular cascades (MAPK/ERK or PI3K/Akt) upon ligand binding to FGFRs affects various cancer cell behaviours ([@bib10]). In particular, proliferation is mainly mediated via MAPK/ERK signalling, whereas cancer cell survival is affected by PI3K/Akt signalling. Moreover, tumour cell motility is at least, in part, influenced by both signalling pathways ([@bib16]; [@bib33]). In addition, activation of the FGF/FGFR system is associated with resistance after antiangiogenic therapy ([@bib5]). Finally, the FGF/FGFR system has been implicated in recruitment of stromal cells, for example, ECs, which are important for HCC progression ([@bib23]). BGJ398 is a novel orally administered pan-FGFR kinase inhibitor under investigation in clinical phase I studies ([@bib13]); this substance could offer an interesting antineoplastic approach for HCC treatment. Nonetheless, clinical studies with FGFR inhibitors have been disappointing so far. Therefore, we sought to assess alternative strategies beyond targeting 'only\' FGFR. Activation of the mammalian target of rapamycin (mTOR) pathway has been associated with less differentiated tumours, bad prognosis and earlier recurrence in HCC ([@bib26]). In particular, treatment with mTOR inhibitors such as rapamycin has demonstrated potent antineoplastic effects, at least in part, via targeting stromal cells in various preclinical cancer models including HCC ([@bib17]; [@bib22]). Therefore, targeting the mTOR pathways provides an interesting therapeutic option for HCC.

Here, we hypothesised that inhibition of FGF/FGFR signalling impairs tumour growth in HCC models via effects on cancer and stromal cells. Our results demonstrate that targeting FGFR, particularly in combination with an mTOR inhibitor, is a new and promising strategy for the treatment of HCC.

Materials and methods
=====================

Reagents
--------

Fibroblast growth factor receptor inhibitor BGJ398 (Novartis Oncology, Basel, Switzerland) was dissolved in dimethylsulphoxide (*in vitro*) and water (*in vivo*). Rapamycin (Wyeth, Madison, NJ, USA) was dissolved in water (*in vivo*) or cell culture medium (*in vitro*). Recombinant human bFGF was purchased from R&D Systems (Wiesbaden, Germany). Antibodies against pAkt^Ser473^, Akt, pERK^Tyr202/204^, ERK, pFAK^Tyr397^, FAK, pPaxillin^Tyr118^, Paxillin, RhoA, E-cadherin, N-cadherin, c-myc (obtained from Cell Signaling, Beverly, MA, USA) and PDI (obtained from Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used.

Cell culture
------------

Human HCC lines (HepG2, Huh-7, Hep3B, PLC5; American Type Culture Collection, Manassas, VA, USA), human ECs and VSMCs as representatives for vascular pericytes (both Promocell, Heidelberg, Germany) were purchased. Murine Hepa129 cells were kindly provided by Prof. Volker Schmitz (University of Bonn, Bonn, Germany). Tumour cells, ECs, VSMCs and HSCs were processed as described ([@bib2]; [@bib22]); conditioned media (CM) were produced as published ([@bib22]; [@bib30]).

Patient samples
---------------

Tumour specimens from 10 patients who underwent resection for HCC at the Department of Surgery, University Hospital Regensburg (Regensburg, Germany) were obtained. After resection, tumour samples were excised and immediately snap frozen. RNA was isolated using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). The study was approved by the local ethics committee at the University of Regensburg (no. 12-101-0009). Informed consent was obtained before the surgical procedure.

Measurement of cell growth
--------------------------

To evaluate effects of targeting FGFR with BGJ398, tumour cells, ECs, VSMCs and HSCs were seeded into 96-well plates (1--2 × 10^3^ per well) for 24, 48 and 72 h under complete medium and serum-starved conditions (10% and 1% FCS in DMEM, respectively). Basic FGF (50 ng ml^−1^) was added to serum-starved conditions to assess effects on cell growth. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay was used to assess cell growth. The effect of BGJ398 on tumour cell growth was also determined in a cell-counting assay ([@bib30]).

Cell motility
-------------

Migration assays were performed using modified Boyden chambers, as described ([@bib22]). Briefly, 5 × 10^4^ cells were resuspended in 1% FCS-DMEM and seeded into 8 *μ*m filter pore inserts (BD, Heidelberg, Germany). Either FCS or bFGF (50 ng ml^−1^) served as a chemoattraction for cancer cells. In EC, VSMC and HSC, CM from HepG2 and Huh-7, as well as bFGF (50 ng ml^−1^), was used. Migrated cells were Wright--Giemsa stained and counted in four random fields.

Western blotting
----------------

Western blotting was performed as described previously ([@bib22]). Briefly, whole-cell lysates were prepared and protein samples (50 *μ*g) were subjected to western blotting on a denaturating 10% SDS--PAGE. Membranes were probed with indicated antibodies and detected by chemiluminescence (Amersham Bioscience, Piscataway, NJ, USA). To quantify results from western blotting, densitometry was performed using ImageJ (1.46r; <http://imagej.nih.gov.ij>). Expression of proteins was calculated in relation to the respective control (e.g. pAkt/Akt).

Measurement of VEGF-A, bFGF, PDGF-B, FGFRs and Tie2 mRNA
--------------------------------------------------------

Total RNA was isolated, purified and 1 *μ*g aliquots of RNA were reverse transcribed. Primer pairs for PCR are shown as [Supplementary Material](#sup1){ref-type="supplementary-material"}. Reverse transcription--PCR was performed using the LightCycler system and Roche Fast-Start Light Cycler-Master Hybridisation Probes master mix (Roche, Mannheim, Germany). Hypoxia was chemically induced with desferroxamine (DFX; 100 nmol l^−1^; Sigma, Taufkirchen, Germany) ([@bib20]; [@bib12]) and cells were incubated±BGJ398 (100 n[M]{.smallcaps}) for the assessment of VEGF-A, bFGF, PDGF-B and Tie2.

Enzyme-linked immunosorbent assay for VEGF-A
--------------------------------------------

To determine changes in VEGF-A secretion, we used an Enzyme-Linked Immunosorbent Assay (ELISA) Kit (BioSource, Nivelles, Belgium), as described ([@bib22]). Hepatocellular carcinoma cells were plated at 40--50% density and incubated±BGJ398 and stimulated with DFX for 24 h before collection of culture supernatants.

Subcutaneous HCC models
-----------------------

Experiments were approved by the Institutional Animal Care and Use Committee of the University of Regensburg and the regional authorities. In addition, experiments were conducted according to 'Guidelines for the Welfare of Animals in Experimental Neoplasia\' published by The United Kingdom Coordinating Committee on Cancer Research. Huh-7 cells (1 × 10^6^) and Hepa129 cells (2.5 × 10^5^) were subcutaneously injected into nude mice (Balb-c~nu/nu~, *n*=6--8 mice per group) and C3H mice (*n*=8--9 mice per group) (Charles River, Sulzfeld, Germany), as described ([@bib22]). Mice were randomised and assigned to control or treatment groups. Therapy was initiated when tumours reached a size of ∼100 mm^3^ with BGJ398 (5 mg kg^−1^ per day or 25 mg kg^−1^ per 3 × per week) via oral gavage. Tumour diameters were measured and volumes calculated (width^2^ × length × 0.5). The experiment was terminated on day 30 (Huh-7) or on day 14 (Hepa129). Tumours were excised and weighed.

Orthotopic tumour model
-----------------------

A total of 5 × 10^4^ Hepa129 cells were injected into the left liver lobe of C3H mice (*n*=6--8 mice per group), as described ([@bib22]). Treatment was initiated on day 7 after tumour cell implantation, with the mice receiving: (1) BGJ398 5 mg kg^−1^ per day (oral gavage), (2) rapamycin 0.2 mg kg^−1^ per day (intraperitoneally), (3) combination therapy or (4) water. Treatment was continued for 12 days. Mice were observed daily and killed when tumour-related symptoms occurred. Tumours were excised, measured and processed for immunohistochemistry at the end point (day 19).

Immunohistochemistry
--------------------

Assessment of tumour cell proliferation and apoptosis was performed as described ([@bib22]). To determine CD31-positive vessel area and intratumoral pericytes (*α*SMA-positive cells), frozen tissue was fixed in cold acetone and chloroform, washed with PBS and exposed to primary antibodies against CD31 (1 : 50; Pharmingen, Heidelberg, Germany) or *α*SMA (1 : 50; Sigma), and respective secondary antibodies (Alexa Fluor 488 and 594; 1 : 200).

Statistics
----------

Statistics were performed using SigmaStat (Version 3.0, San Jose, CA, USA) and GraphPadPrism (Version 6.0, La Jolla, CA, USA). Results of *in vivo* experiments were analysed for significant outliers using Grubb\'s test (<http://www.graphpad.com>). Tumour-associated variables in *in vivo* experiments were tested for significance using the Mann--Whitney *U*-test and ANOVA test. The two-sided Student\'s *t*-test was applied for analysis of *in vitro* data. Results for migration assays and PCR are shown relative to control results. Expression of FGFRs in all HCC cell lines, stromal cells and patient samples is normalised to Hep3B as this tumour cell line expresses all FGFRs. All results were confirmed in independent experiments and are expressed as the mean±s.e.m.

Results
=======

Expression of FGFR1--4 in cancer cell lines, stromal cells and patient samples
------------------------------------------------------------------------------

To delineate the potential targets for BGJ398, we determined the expression of FGFRs in HCC cell lines, ECs, VSMCs, HSCs and 10 human HCC samples (named HCC1--10). Reverse transcription--PCR showed that all HCC cell lines (Huh-7, HepG2, Hep3B, PLC5) express FGFR1, FGFR3 and FGFR4. Fibroblast growth factor receptor 2IIIb was only found in Hep3B, which is in line with previously published results ([@bib1]). Fibroblast growth factor receptor 2IIIc was detected in Hep3B and HepG2 cells and weakly in Huh-7 cells, but not in PLC5 cells ([Figure 1A--E](#fig1){ref-type="fig"}). Regarding stromal cells, no expression of FGFR2IIIb and FGFR2IIIc was found in VSMCs, ECs and HSCs, whereas FGFR1, FGFR3 and FGFR4 were detected in these cells. However, FGFR3 was only weakly expressed in HSCs and very little expression of FGFR4 was detectable in ECs ([Figure 1A--E](#fig1){ref-type="fig"}). Finally, assessment of tumour samples revealed a very heterogeneous picture. In general, all FGFRs were detectable in almost all 10 HCC samples that were used for these analyses (except FGFR1 in HCC5 and FGFR2IIIb in HCC1 and HCC7; [Figure 1A--E](#fig1){ref-type="fig"}). In conclusion, our results clearly demonstrate that FGFRs are expressed in HCC cell lines, stromal cells and also in human cancer specimens, and therefore might serve as a target for anti-FGFR-directed therapy.

Effects of targeting FGFR with BGJ398 on tumour cells *in vitro*
----------------------------------------------------------------

Owing to the heterogeneous expression pattern of FGFRs in HCC cell lines, we initially used Huh-7 for the assessment of BGJ398 *in vitro*. Results were subsequently confirmed in HepG2, PLC5 and Hep3B, unless otherwise indicated. First, MTT assays showed significant growth inhibition by BGJ398 starting from 100 n[M]{.smallcaps} after 72 h ([Figure 2A](#fig2){ref-type="fig"}; IC~50~ (48 h): 2359 n[M]{.smallcaps}, IC~50~ (72 h): 1124 n[M]{.smallcaps}). After 48 h, only the highest dose led to growth inhibition. Similar results were obtained for HepG2, PLC5 and Hep3B ([Supplementary Figures 2A, 3A and 4A](#sup1){ref-type="supplementary-material"}). Growth inhibitory effects were subsequently confirmed for Huh-7 in cell count assays ([Figure 2B](#fig2){ref-type="fig"}). Analyses of signalling intermediates by western blotting after 24 h of incubation with increasing doses of BGJ398 showed a dose-dependent inhibition of constitutive Akt, ERK phosphorylation and c-myc expression in Huh-7 ([Figure 2C](#fig2){ref-type="fig"}). Effects on ERK signalling and c-myc expression after 24 h were confirmed in HepG2, PLC5 and Hep3B, whereas constitutive Akt phosphorylation was not detectable in these cell lines (data not shown). Furthermore, incubation of cancer cell lines with BGJ398 led to the inhibition of bFGF-induced ERK phosphorylation ([Figure 2D](#fig2){ref-type="fig"}). Surprisingly, Akt phosphorylation was not increased upon bFGF incubation. This was confirmed in HepG2, PLC5 and Hep3B ([Supplementary Figures 2B, 3B and 4B](#sup1){ref-type="supplementary-material"}). Migration assays showed a significant reduction of constitutive and bFGF-induced tumour cell motility after 24 h by BGJ398 in all HCC cell line ([Figure 2E](#fig2){ref-type="fig"}, [Supplementary Figures 1A, 2C, 3C and 4C](#sup1){ref-type="supplementary-material"}), whereas effects on constitutive migration were only found in Huh-7 and Hep3B ([Supplementary Figures 2C, 3C and 4C](#sup1){ref-type="supplementary-material"}). In summary, results so far indicate that FGFR inhibition has minor effects on growth of cancer cells, but substantially impairs oncogenic signalling and tumour cell motility *in vitro*.

Modulation of angiogenic factors by FGFR inhibition
---------------------------------------------------

As angiogenesis has a crucial role in HCC, we next assessed the expression of angiogenic factors upon FGFR inhibition in HCC cell lines. Results showed a significant reduction of DFX-induced PDGF-B and VEGF-A mRNA expression upon FGFR inhibition in all HCC cell lines cells ([Figure 3A and B](#fig3){ref-type="fig"} and [Supplementary Figures 2D, 2E, 3D, 3E, 4D and 4E](#sup1){ref-type="supplementary-material"}). Enzyme-linked immunosorbent assay confirmed the significant reduction of DFX-induced VEGF-A secretion when cells were incubated for 24 h with BGJ398 ([Figure 3C](#fig3){ref-type="fig"} and [Supplementary Figures 2F, 3F and 4F](#sup1){ref-type="supplementary-material"}). However, bFGF mRNA expression was significantly reduced in HepG2, PLC5 and Hep3B cells after BGJ398 treatment, whereas Huh-7 cells showed no significant response ([Figure 3D](#fig3){ref-type="fig"} and [Supplementary Figures 2G, 3G and 4G](#sup1){ref-type="supplementary-material"}). Nonetheless, these results indicate that FGFR inhibition with BGJ398 has the potential to reduce the expression of angiogenic factors in HCC cell lines *in vitro*.

Effects of FGFR inhibition on ECs *in vitro*
--------------------------------------------

Endothelial cells are essential for tumour growth and angiogenesis. MTT assays with BGJ398 showed significant growth inhibition after 72 h incubation with BGJ398 starting with 100 n[M]{.smallcaps} ([Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}; IC~50~ (72 h)\>2500 n[M]{.smallcaps}). Incubation with bFGF did not have an effect on growth *in vitro* ([Supplementary Figure 5B](#sup1){ref-type="supplementary-material"}). Western blotting revealed a dose-dependent inhibition of constitutive ERK phosphorylation, but no apparent impact on Akt phosphorylation after 24 h of BGJ398 treatment ([Supplementary Figure 5C](#sup1){ref-type="supplementary-material"}). Migration assays exhibited a significant reduction in constitutive and bFGF-induced EC motility upon BGJ398 addition ([Figure 4A](#fig4){ref-type="fig"}). Furthermore, bFGF-induced ERK, Akt phosphorylation and constitutive c-myc expression was diminished by BGJ398 ([Figure 4B](#fig4){ref-type="fig"}). To further analyse the effects of the local microenvironment on recruitment of ECs, CM from Huh-7 and HepG2 cells was used. We chose CM from these two cell lines because of their different response to FGFR inhibition with regard to bFGF mRNA expression ([Figure 3D](#fig3){ref-type="fig"} and [Supplementary Figure 2G](#sup1){ref-type="supplementary-material"}); a previous report indicates that reduced expression of FGFR2IIIb confers more aggressive growth in HCC, and both cell lines do not express this molecule ([@bib1]). Migration assays revealed an induction of motility that was partially impaired by targeting FGFR ([Figure 4C](#fig4){ref-type="fig"} for CM from Huh-7 and [Supplementary Figure 5D](#sup1){ref-type="supplementary-material"} for CM from HepG2). Regarding angiogenic factors, RT--PCR showed no changes in PDGF-B or bFGF mRNA expression, even upon DFX induction (data not shown); only constitutive VEGF-A expression was reduced ([Supplementary Figure 5E](#sup1){ref-type="supplementary-material"}). Finally, Tie2 mRNA was reduced upon FGFR blockade, particularly when cells were stimulated with hypoxia-mimicking DFX ([Figure 4D](#fig4){ref-type="fig"}). In summary, ECs are susceptible to FGFR inhibition with BGJ398, especially when stimulated with bFGF or conditioned media from HCC cell lines.

Targeting FGFR in VSMCs *in vitro*
----------------------------------

Vascular smooth muscle cells are essential for functional vascular system development in tumours. MTT assays did not show any significant effects on VSMC growth by targeting FGFR with BGJ398 ([Supplementary Figure 6A](#sup1){ref-type="supplementary-material"}), which was also confirmed when cells were stimulated with bFGF (data not shown). Similarly, constitutive and bFGF-induced migration was unaffected by BGJ398 ([Figure 4E](#fig4){ref-type="fig"}). However, constitutive ERK phosphorylation and c-myc expression was diminished after 24 h incubation with BGJ398 ([Supplementary Figure 6B](#sup1){ref-type="supplementary-material"}). Moreover, incubation with bFGF strongly induced ERK phosphorylation, which was impaired by BGJ398 ([Figure 4F](#fig4){ref-type="fig"}). Interestingly, CM from Huh-7 and HepG2 cells strongly induced VSMC migration, which, however, was unaffected by FGFR inhibition ([Figure 4G](#fig4){ref-type="fig"} for CM from Huh-7 and [Supplementary Figure 6C](#sup1){ref-type="supplementary-material"} for CM from HepG2). Finally, FGFR blockade had no effect on DFX-induced VEGF-A expression ([Supplementary Figure 6D](#sup1){ref-type="supplementary-material"}). Moreover, FGFR inhibition significantly increased bFGF mRNA expression ([Supplementary Figure 6E](#sup1){ref-type="supplementary-material"}), whereas no PDGF-B mRNA expression of was detectable in VSMCs (data not shown). Taken together, these results emphasise that targeting FGFR has only minor effects on recruitment and expression of angiogenic factors in VSMCs *in vitro*.

FGFR blockade in HSCs *in vitro*
--------------------------------

Liver-specific pericytes (HSCs) affect the development and progression of liver malignancies and therefore were studied ([@bib35]). Growth inhibition by FGFR blockade on HSCs were found after 72 h in MTT assays, especially upon bFGF stimulation ([Figure 5A](#fig5){ref-type="fig"}; IC~50~ (72 h) upon constitutive conditions: \>2500 n[M]{.smallcaps}; IC~50~ (72 h) upon bFGF stimulation: 462 n[M]{.smallcaps}). Migration assays revealed no induction by bFGF, and BGJ398 had no significant effect on HSC motility ([Figure 5B](#fig5){ref-type="fig"}). Assessment of signalling pathways showed a marginal inhibition of constitutive ERK phosphorylation and c-myc expression, whereas no effect on Akt phosphorylation was observed ([Supplementary Figure 7A](#sup1){ref-type="supplementary-material"}). However, stimulation of HSCs with bFGF led to ERK and Akt phosphorylation that was markedly inhibited by BGJ398 ([Figure 5C](#fig5){ref-type="fig"}). To determine the recruitment of HSCs to HCC-specific sites, migration assays with CM from Huh-7 and HepG2 cells were performed. Results indicated no alterations of CM-induced HSC motility by FGFR blockade ([Figure 5D](#fig5){ref-type="fig"} and [Supplementary Figure 7B](#sup1){ref-type="supplementary-material"}). Finally, VEGF-A mRNA expression was not affected by FGFR blockade even upon stimulation with DFX ([Supplementary Figure 7C](#sup1){ref-type="supplementary-material"}). Interestingly, expression of PDGF-B mRNA was induced upon treatment with BGJ398. However, these results were conflicting as DFX led to a slight reduction of PDGF-B mRNA in HSCs (data not shown). Furthermore, expression of bFGF mRNA was not detectable in HSCs *in vitro* (data not shown). Taken together, results from these experiments indicate that targeting FGFR has an effect on growth and signalling, but not on recruitment of HSCs *in vitro*.

Modulation of tumour growth in subcutaneous models
--------------------------------------------------

Next, we assessed FGFR blockade with BGJ398 *in vivo* using a xenogeneic subcutaneous tumour model (Huh-7). We chose a low-dose (5 mg kg^−1^ per day) and a bolus application (25 mg kg^−1^ 3 × per week) schedule. Results showed a significant inhibition of tumour growth as reflected by tumour volume and tumour weight upon either daily (5 mg kg^−1^) or 3 × weekly (25 mg kg^−1^) treatment schedules ([Figure 6A and B](#fig6){ref-type="fig"}). Nevertheless, the daily treatment tended to be more effective than the higher, less frequent, dosing schedule. This was subsequently confirmed in a subcutaneous syngeneic tumour model (Hepa129) showing again growth inhibition by daily (5 mg kg^−1^) treatment ([Figure 6C and D](#fig6){ref-type="fig"}). However, efficacy of FGFR blockade in the syngeneic model was less impressive than in the xenogeneic model. Nonetheless, data from these experiments indicate that low-dose FGFR inhibition with BGJ398 is an effective therapy in HCC models *in vivo*.

Combination of FGFR inhibition with mTOR blockade *in vitro*
------------------------------------------------------------

Results from our experiments, so far, show that FGFR blockade with BGJ398 is effective against tumour cells and ECs, whereas VSMCs and HSCs are less affected. To further improve antitumour activity of FGFR inhibition, we sought to combine BGJ398 with a pericyte-targeting agent. From previous studies, we know that mTOR blockade impairs recruitment of pericytes, in particular VSMCs ([@bib22]). Therefore, we assessed a combination of targeting FGFR with mTOR inhibition using rapamycin. *In vitro* experiments with HSCs showed an impairment of HSC growth upon combination of FGFR and mTOR inhibition ([Figure 7A](#fig7){ref-type="fig"}). Interestingly, treatment with rapamycin led to Akt phosphorylation and a slight increase in c-myc expression that was not affected by BGJ398 in HSCs ([Figure 7B](#fig7){ref-type="fig"}). Moreover, motility of HSCs was significantly reduced when FGFR inhibition was combined with mTOR blockade ([Figure 7C and D](#fig7){ref-type="fig"}). To further delineate the latter effect, we assessed other pathways that are involved in cell motility. Results showed no effect on FAK, RhoA, E-cadherin or N-cadherin. Of note, rapamycin led to an increase in paxillin expression (total and phosphorylated), which was reduced by a combination treatment with FGFR inhibition ([Figure 7E](#fig7){ref-type="fig"}). Nonetheless, these results did not explain the reduction in HSC motility and therefore warrant further exploration. However, our results clearly show that addition of the mTOR inhibitor rapamycin improved the efficacy of targeting FGFR in HSCs *in vitro*.

Finally, we used Huh-7 for comparative experiments with FGFR/mTOR blockade. In line with previous results from our group, we observed an induction of Akt phosphorylation upon rapamycin treatment ([@bib22]). However, in contrast to HSCs, this phosphorylation was impaired upon combined treatment with the FGFR inhibitor BGJ398 ([Supplementary Figure 8A](#sup1){ref-type="supplementary-material"}). In addition, a significant reduction of *in vitro* growth in MTT assays was found upon FGFR/mTOR blockade ([Supplementary Figure 8B](#sup1){ref-type="supplementary-material"}). The latter was also confirmed in all other HCC cell lines used in the study (data not shown). In conclusion, our results demonstrate that combination of FGFR inhibition with mTOR blockade improves the efficacy of single-agent treatment also in cancer cells.

Combined FGFR/mTOR blockade in the orthotopic tumour model
----------------------------------------------------------

As the local microenvironment is essential for tumour growth, we finally evaluated the effects of FGFR blockade in combination with mTOR inhibition on HCC growth in a syngeneic orthotopic tumour model (Hepa129). Based on our previous experiments, we decided to combine the daily treatment of BGJ398 (5 mg kg^−1^) with low-dose rapamycin (0.2 mg kg^−1^ per day). Results showed only minor inhibition of tumour growth (nonsignificant) upon treatment with either BGJ398 or rapamycin alone, whereas the combination of both agents was very effective in terms of reduced tumour weight ([Figure 8A](#fig8){ref-type="fig"}). No difference regarding animal weight between the groups was observed (data not shown). Immunohistochemical workup revealed an inhibition of tumour cell proliferation ([Figure 8B and F](#fig8){ref-type="fig"}) and an induction of tumour cell apoptosis that reached significance only upon combination of FGFR/mTOR blockade ([Figure 8C and F](#fig8){ref-type="fig"}). Furthermore, assessment of tumour vascularisation with CD31 staining showed reduced blood vessel area in all treatment groups, indicating no further enhanced antiangiogenic effect by combining FGFR and mTOR blockade ([Figure 8D and F](#fig8){ref-type="fig"}). Finally, *α*SMA, a marker for VSMCs and HSCs, was strongly reduced in tumours treated with rapamycin and BGJ398 ([Figure 8E and F](#fig8){ref-type="fig"}). In conclusion, combined targeting of FGFR and mTOR impairs HCC tumour growth via effects on tumour cells and HSCs/VSMCs *in vivo*.

Discussion
==========

The FGF/FGFR system is of particular importance for tumour growth in human cancer (reviewed in [@bib10]). With regard to HCC, [@bib12] showed that at least one member of the FGF8 subfamily and/or the corresponding receptors (FGFR2--4) is overexpressed in ∼80% of HCC samples. [@bib11] published a phase II study with brivanib, a VEGFR/FGFR inhibitor, showing promising results in patients pretreated with sorafenib. Although the follow-up phase III study failed its primary end point of overall survival, the substance showed some activity regarding time-to-progression, disease control rate and objective response rate ([@bib24]). Therefore, the concept of targeting FGFR remains under investigation. In our study, almost all FGFRs were expressed in 10 HCC samples. In contrast, both isoforms of FGFR2 (IIIb and IIIc) were not detectable in stromal cells and most HCC cell lines (except for Hep3B). However, the meaning of FGFR2 in HCC remains controversial. [@bib1] showed that reduced expression of FGFR2IIIb mediates a more aggressive behaviour of HCCs, whereas [@bib14] found an association of FGFR2 expression with poor differentiation and poor survival in patients with HCC, although this study did not distinguish between the two isoforms of FGFR2. Nonetheless, *in vitro* experiments with HCC cell lines and ECs revealed that treatment with the FGFR inhibitor BGJ398 impaired oncogenic signalling and motility in HCC cell lines and ECs. Interestingly, HSCs and VSMCs that show a similar FGFR expression pattern as ECs respond differently to FGFR inhibition with regard to motility upon incubation with CM from cancer cells. These results suggest that recruitment of HSCs and VSMCs to HCC sites is dependent on factors other than FGFs such as PDGF-B ([@bib19]; [@bib3]). Finally, we recognised that single-agent therapy with the FGFR inhibitor BGJ398 is most effective when the substance is used on a daily low-dose (metronomic) schedule. From the *in vivo* results, one can assume that no further improvement of antitumour activity is likely to be obtained by using higher doses of FGFR inhibitors in HCC therapy. This might be one of the reasons for the failure of the clinical trials with FGFR inhibitor. Nonetheless, results from our study further support the concept of targeting FGFR in HCC.

Angiogenesis is a hallmark of HCC development and progression and antiangiogenic therapy has shown some efficacy ([@bib25]). In this respect, results from our study show that VEGF-A and PDGF-B are reduced in cancer cells after FGFR inhibitor treatment. In addition, we found c-myc expression to be impaired in all cell types *in vitro* upon FGFR blockade. As c-myc is a major driver of tumour angiogenesis ([@bib7]) and its expression has been associated with HCC recurrence ([@bib8]), this is an important finding. Furthermore, FGFR inhibition in ECs led to reduced constitutive VEGF-A and, more interesting, Tie2 expression. As Tie2 encodes for the corresponding receptor for angiopoietin-2 (involved in resistance to antiangiogenic therapy ([@bib9]), one can deduce that treatment with BGJ398 impairs mechanisms involved in resistance to antiangiogenesis. To our knowledge, this is the first time that Tie2 expression has been linked to FGFR, although this finding warrants further evaluation. Nonetheless, treatment with BGJ398 led to impairment of ECs recruitment, which is a supportive evidence for the antiangiogenic properties of this agent. We conclude that FGFR inhibition impairs tumour angiogenesis and potentially prevents resistance to antiangiogenic therapies.

Stromal cells and the local microenvironment are of particular importance for tumour growth in HCC ([@bib15]). As our study showed only modest effects of FGFR inhibition with BGJ398 on recruitment of VSMCs and HSCs, pericytes are obviously left relatively unaffected by only FGFR blockade. To address this therapeutic gap, we combined BGJ398 treatment with the mTOR inhibitor rapamycin. This approach was based on our previous findings that VSMC recruitment is impaired upon mTOR blockade ([@bib22]), and additional results with HSCs indicating a similar enhanced effect of combined FGFR/mTOR inhibition. Interestingly, treatment with rapamycin led to an induction of Akt phosphorylation in cancer cells and HSCs, even though our previous results have shown that mTOR inhibition does not affect Akt phosphorylation in ECs and VSMCs ([@bib22]). The induction of Akt phosphorylation in cancer cells has been described by others and us before. In particular, phosphorylation at Ser473 has been linked to the IGF-IR/IRS-1 system ([@bib32]; [@bib21]) and the mTORC2 complex ([@bib29]). Therefore, it remains unexpected that treatment with an FGFR inhibitor impairs mTOR inhibitor-mediated Akt phosphorylation in cancer cells. [@bib13] found a specificity of BGJ398 for FGFR, but neither the IGF-IR system nor mTORC2 was assessed in their work. Thus, an off-target effect might explain the observed inhibition rapamycin-induced Akt phosphorylation. More interestingly, HSCs obviously show different regulation of Akt phosphorylation as FGFR inhibition did not affect the activation of Akt in these cells. From our data, we cannot explain this, and, therefore, differences in the response of HSCs to mTOR inhibition compared with cancer cells clearly warrant further exploration.

Finally, combination of FGFR inhibition with mTOR blockade in the orthotopic model demonstrated an enhanced effect, whereas either agent alone was not effective. These results also strongly emphasise the importance of addressing the local microenvironment by using syngeneic orthotopic models to assess new therapeutic strategies ([@bib31]; [@bib15]). Moreover, reduced expression of *α*SMA, a marker for pericytes (VSMCs, HSCs), in the combination group further supports our hypothesis that mTOR inhibition adds substantial benefit to FGFR inhibition via pericyte targeting. We speculate that FGFR inhibitors lack of efficacy on pericyte recruitment is a reason for the failure of clinical studies using these agents against HCC. In conclusion, our study provides evidence that the efficacy of FGFR inhibitors in HCC can be enhanced by adding pericyte-targeting agents such as rapamycin. Therefore, targeting FGFR/mTOR represents a novel and promising alternative strategy in the treatment of HCC.
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![**Expression of FGFRs in HCC cell lines, stromal cells and clinical samples.** (**A**) Fibroblast growth factor receptor 1 expression was found in HCC cell lines, stromal cells and clinical samples. (**B**) Fibroblast growth factor receptor 2IIIb expression was only detected in Hep3B cells. Stromal cells did not express FGFR2IIIb, whereas all clinical samples except HCC1 did express various levels. (**C**) Fibroblast growth factor receptor 2IIIc was observed in three HCC cell lines (very weak in Huh-7) and all clinical samples. No expression was found in stromal cells. (**D**) Fibroblast growth factor receptor 3 expression was detectable in all HCC cell lines, clinical samples and stromal cells. (**E**) Similar FGFR4 was found in all HCC cell lines, clinical samples and stromal cells, although expression in ECs was very weak. Bars=s.e.; results are normalised to Hep3B.](bjc2014638f1){#fig1}

![**Effects of targeting FGFR with BGJ398 on cancer cells.** (**A**) MTT assays showed impaired tumour cell growth after 48 and 72 h of treatment (\**P*\<0.05). (**B**) Cell counting assays confirmed the MTT results (\**P*\<0.05). (**C**) Incubation with increasing doses of BGJ398 impaired phosphorylation of ERK, Akt and diminished expression of c-myc. (**D**) Basic FGF led to a marked induction of ERK phosphorylation, whereas Akt remains unaffected. BGJ398 impairs ERK *in vitro*. (**E**) BGJ398 significantly reduced constitutive and bFGF-induced migration (\**P*\<0.05).](bjc2014638f2){#fig2}

![**Modulation of angiogenic markers in cancer cells by FGFR blockade.** (**A**) Fibroblast growth factor receptor inhibition reduces DFX-induced PDGF-B mRNA expression (\**P*\<0.05). (**B**) Fibroblast growth factor receptor inhibition leads to impairment of constitutive and DFX-induced VEGF-A mRNA expression (\**P*\<0.05). (**C**) Similar treatment with BGJ398 significantly impairs DFX-induced VEGF-A secretion, as determined by ELISA (\**P*\<0.05). (**D**) Fibroblast growth factor receptor inhibition has no effect on bFGF mRNA expression. Bars=s.e.m. Results are shown for Huh-7.](bjc2014638f3){#fig3}

![**Inhibition of FGFR in ECs and VSMCs.** (**A**) Basic FGF induces EC motility. Fibroblast growth factor receptor blockade impairs constitutive and bFGF-driven migration (\**P*\<0.05). (**B**) Marked reduction of bFGF-induced ERK and Akt phosphorylation and constitutive c-myc expression by FGFR blockade in ECs. (**C**) After 6 h, FGFR inhibition led to a significant reduction in constitutive and conditioned medium (CM)-induced EC motility (\**P*\<0.05). (**D**) Hypoxia-mimicking DFX strongly induces Tie2 expression. This can be significantly reduced by FGFR inhibition (\**P*\<0.05). (**E**) Basic FGF had no effects on VSMC motility *in vitro*. (**F**) Nonetheless, treatment with BGJ398 abrogated bFGF-induced ERK phosphorylation in VSMCs. (**G**) Although CM from HCC cell lines strongly induced VSMC motility, no effects were observed by FGFR blockade (\**P*\<0.05). Bars=s.e.m.](bjc2014638f4){#fig4}

![**Targeting FGFR in HSCs.** (**A**) Fibroblast growth factor receptor inhibition with BGJ398 leads to growth inhibition after 72 h (\**P*\<0.05). Incubation with bFGF induces HSC growth, which can be abrogated by FGFR blockade (\**P*\<0.05). (**B**) BGJ398 had no impact on constitutive and bFGF-induced HSC motility *in vitro*. (**C**) Basic FGF led to induction of Akt and ERK phosphorylation, which was markedly reduced by BGJ398. (**D**) Conditioned medium (CM) from human HCC cell lines induces HSC motility, although no effect was observed by FGFR blockade (\**P*\<0.05).](bjc2014638f5){#fig5}

![**Subcutaneous (s.c.) tumour model.** (**A**) In the subcutaneous xenograft model (Huh-7) treatment with FGFR inhibitor BGJ398 showed an inhibition of tumour growth upon both treatment schedules, 5 mg kg^−1^ per day and 25 mg kg^−1^ three times weekly (*n*=6--8 mice per group; \**P*\<0.05). (**B**) This was also reflected by final tumour weight (\**P*\<0.05). (**C**) Similarly, the subcutaneous syngenic tumour model (Hepa129) confirmed significant growth inhibition upon daily treatment (5 mg kg^−1^ per day) (*n*=8--9 mice per group; \**P*\<0.05). (**D**) Final tumour weight in the subcutaneous syngeneic model (\**P*\<0.05).](bjc2014638f6){#fig6}

![**Combination of FGFR and mTOR blockade in HSCs.** (**A**) Combination of FGFR inhibition with mTOR blockade impairs growth of HSCs *in vitro* compared with control (\**P*\<0.05) and *vs* single agents (^\#^*P*\<0.05). (**B**) Twenty four hours of treatment with rapamycin leads to induction of Akt phosphorylation in HSCs. Fibroblast growth factor receptor inhibition has no effect on this induction. (**C**) Combination of FGFR and mTOR inhibition significantly impairs HSC motility *in vitro* (\**P*\<0.05). (**D**) Examples for HSCs from migration assays. (**E**) Incubation with rapamycin leads to induction of Akt phosphorylation in HSCs. No other pathways involved in cell motility were affected.](bjc2014638f7){#fig7}

![**Syngeneic orthotopic HCC model.** (**A**) Slight, but not significant, inhibition of tumour growth upon treatment with either BGJ398 (5 mg kg^−1^ per day) or rapamycin (0.2 mg kg^−1^ per day) was observed. Combination of BGJ398 and rapamycin led to a significantly reduced final tumour weight. (*n*=6--8 mice per group). (**B**) Proliferating cells were significantly diminished upon combination of FGFR and mTOR inhibition. (**C**) Tumour cell apoptosis was strongly induced in the combined treatment group. (**D**) Vascularisation was impaired upon single-agent and combination therapy. (**E**) Pericytes were significantly reduced in the combination group but not upon single-agent therapy. (**F**) Examples for BrdU, Tunel, CD31 and *α*SMA staining (\**P*\<0.05). Bars=s.e.m.](bjc2014638f8){#fig8}
